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ABSTRACT Dietary hardness and abrasiveness are
inferred from human dental microwear at Ohalo II, a late
Upper Palaeolithic site (22,500–23,500 cal BP) in the
southern Levant. Casts of molar grinding facets from two
human skeletons were examined with a scanning electron
microscope. The size and frequency of microwear was
measured, counted, and compared to four prehistoric
human groups from successive chronological periods in
the same region: pre-pottery Neolithic A, Chalcolithic (this
study); Natufian, pre-pottery Neolithic B (Mahoney: Am J
Phys Anthropol 130 (2006) 308–319). The Ohalo molars
had a high frequency of long narrow scratches, and a few
small pits, suggesting a tough abrasive diet that required
more shearing rather than compressive force while chew-
ing. These results imply that the diet of the two late
Upper Palaeolithic hunter-gatherers did not focus on very
hard foods. Aquatic foods with adherent contaminants, as
well as grit from plant grinding tools seemed likely causal
agents. The size of the pits and scratches on the Ohalo
molars were most similar to microwear from the pre-pot-
tery Neolithic A period, though they also compared well to
the Chalcolithic period. These results contrasted with the
larger pits and scratches from the Natufian hunter-gath-
erers and pre-pottery Neolithic B farmers, implying that
there is no simple increase or decrease in dietary hard-
ness and abrasiveness across the late Upper Palaeolithic
to Chalcolithic development in the Southern Levant.
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The Upper Palaeolithic (40–10,000 BP) in the Levant
included developments in technology, social organization,
behavior, and economy (Bar Yosef, 2002). Some of these
developments can be seen at Ohalo II, an archaeological
site located on the shores of the Sea of Galilee that was
occupied 23,500–22,500 cal BP (Nadel, 1990, 1991, 2001,
2003; Carmi and Segal, 1992; Nadel et al., 1995, 2001).
Excavations at Ohalo II have revealed brush huts,
hearths, and a human grave (Hershkovitz et al., 1995;
Nadel and Werker, 1999). Tools included food processing
equipment, while the abundant plant and animal remains
have provided insights into the possible diet of the late
Upper Palaeolithic occupants (Simmons and Nadel, 1998;
Piperno et al., 2004; Weiss et al., 2004). Yet, little is
known about dietary hardness and abrasiveness at this
site, or for the late Upper Palaeolithic economy more gen-
erally. The aim in this study is to gain insights into these
aspects of diet from microscopic marks (pits and scratches)
preserved on the dental enamel of a human skeleton
(Specimen No. H1) and an isolated human mandible
(Specimen No. H2), both retrieved from Ohalo II (Nadel
and Hershkovitz, 1991). Microwear from Ohalo will be
compared with four human groups in the same region
(Natufian, pre-pottery Neolithic A and B, Chalcolithic)
representing successive chronological periods. It is
expected that dietary similarities between the late Upper
Palaeolithic hunter-gatherers from Ohalo and Epipalaeo-
lithic Natufian hunter-gatherers will produce similar
microwear, which differs from subsequent periods.
BIOCULTURAL CONTEXT
Material evidence for diet at Ohalo
Exceptional preservation of plant and animal remains
has provided clues about the late Upper Palaeolithic
economy at Ohalo. Charred plant remains suggest that
the diet included small grained grasses such as brome
(Bromus pseudobrachystachys/tigridis), as well as wild
cereals such as barley (Hordeum spontaneum) and
emmer wheat (Triticum dicoccoides) (Kislev et al., 1992,
2002; Weiss et al., 2004, 2005). Evidence from stone arte-
facts indicates that some plant foods were ground before
consumption (Piperno et al., 2004). Animal foods in-
cluded gazelle, deer, and waterfowl (Simmons and Nadel,
1998; Rabinovich, 2002), though the great abundance of
bones from the Cyprinidae and Cichlidae families
implies that fish were also an important dietary compo-
nent (Zohar, 2002). Overall, the economy at the site
appeared to be based on a combination of fishing, hunt-
ing, and gathering of a wide range of plant species on a
year-round basis (Nadel et al., 2004).
Diet-microwear relationships
Microscopic pits and scratches form on enamel during
chewing. These pits and scratches, known as dental
microwear, are caused as hard particles (the comparative
ability of a material to dent or scratch another material,
as measured by the Mohs scale) are driven into (com-
pression) or dragged between (shear) opposing enamel
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surfaces as the jaw moves through the chewing cycle.
Two types of particle commonly ingested are thought to
be hard enough to cause microwear. Silica bodies, phyto-
liths, are present in some plant leaves, stems, and seed
coats. Phytoliths have a hardness that exceeds dental
enamel (Mohs test of hardness: enamel ¼ 4.5–5.0; phyto-
lith ¼ 5.5–6.5) (Baker et al., 1959; Piperno, 1988).
Quartz inclusions are present in some soils, and plant-
grinding tools made from sandstone, limestone, and ig-
neous rock. Such inclusions are also harder than enamel
and therefore could cause microwear if present on food
as contaminants (Moh’s test of hardness: quartz ¼ 7.0)
(Cook and Kirk, 1995; Pough, 1996). Tooth-on-tooth con-
tact may be another cause of microwear (Every, 1974;
Rensberger, 1978, 2000; Teaford and Walker, 1983, 1984;
Teaford and Runestad, 1992; Pe’rez-Pe’rez et al., 2003).
Based on these causal agents, increases and decreases
in compression and shear during chewing have been
inferred from the frequency and size of microwear. Under
a hypothesized model of microwear formation processes, a
diet high in compression and low in shear should pro-
duce large and/or frequent pits (Gordon, 1982; Mahoney,
2006a,b). Scratches should become longer as shear in-
creases and narrower as compression decreases (Gordon,
1982; Mahoney, 2006a,b), though these hypothesized mod-
els assume equivalent physical properties for food items.
Studies on extant species support some of these ideas.
Harder diets produce larger microwear features (Teaford
and Walker, 1984; Teaford and Oyen, 1989; Teaford and
Runestad, 1992), which might sometimes reflect increases
in compression as hard particles are driven deeper into
enamel (e.g., Ryan, 1979). More folivorous species have
longer microwear features than more frugivorous species
(Teaford and Walker, 1984; Ungar et al., 2006), presum-
ably because sometimes a diet rich in tough foods requires
more shear as the mandible moves through the chewing
cycle, thus producing more slicing actions and reducing
the food. Another consistent correlation occurs as dietary
abrasiveness increases, which generates more scratches
(Walker et al., 1978; Covert and Kay, 1981; Teaford and
Lytle, 1996).
It can be more difficult to interpret dental microwear
from meat-eating populations. Consuming meat can pro-
duce either more or less microwear on the occlusal sur-
face of teeth (e.g., Gordon, 1986; Molleson and Jones,
1991), though microwear from the buccal surface can
produce a more consistent pattern (Puech 1976; Lalueza
et al., 1996). Most probably, the variation in the occlusal
surface microwear patterns reflects the variation in the
underlying cause. Meat is unlikely to be hard enough to
cause a scratch or a pit. A more likely causal agent for
primates is adherent grit (e.g., Ungar and Spencer,
1999). For carnivores, the amount of bone consumed is
also a significant causal agent (Van Valkenburgh et al.,
1990). Alternatively, meat can be tough enough to
require significant shearing force to cut or fracture it
during chewing (e.g., Lucas and Peters, 2000), resulting
in forceful tooth-on-tooth contact, and perhaps removing
fragments of enamel.
Another way of interpreting microwear patterns is
through the size of abrasive particles. Introducing larger
particles into a diet can result in wider scratches (Ungar,
1992, 1994; Pastor, 1993), and larger pits (Teaford, 1993;
Teaford et al., 2001). In this case, the underlying causal
agent may be responsible for a change in microwear,
rather than variations in compression or shear, though
the two processes are not mutually exclusive.
Dental microwear of hunter-gatherers
A limited number of studies have examined quantita-
tive microwear of the permanent molar occlusal surface
from hunter-gatherers. Aspects of diet have been in-
ferred from microwear in Mesolithic populations from
Syria and northern Indian, and late Archaic and Natu-
fian hunter-gatherers from, respectively, North America
and northern Israel (Molleson and Jones, 1991; Molleson
et al., 1993; Pastor, 1993; Schmidt, 2001; Mahoney, 2003,
2006a). Dietary inferences have also been gained from
microwear studies of early Homo (Waddle, 1988; Ungar
et al., 2006). To date, no study has examined permanent
molar microwear from late Upper Palaeolithic hunter-
gatherers in the Southern Levant.
MATERIALS AND METHODS
The Ohalo II sample
The recovery of a relatively complete human skeleton
(H1) and a human mandible (H2) dating to around ca.
23,000 cal BP from Ohalo II were important finds
because human remains from the late Upper Palaeolithic
in the southern Levant are extremely rare (Nadel, 1990,
1991; Nadel and Hershkovitz, 1991). The H1 skeleton
was an adult male that had been buried in a shallow pit
at the site. Insights have been gained into the local se-
quence of hominid evolution from H1 through morpho-
logical comparisons with specimens from other regions
(Hershkovitz et al., 1993, 1995).
All molar teeth from H1 and H2 were replicated (see
next). Tooth replicas were examined at 2003 using a
scanning electron microscope (SEM) to establish whether
microwear was present. Teeth showing postmortem
microwear were identified and excluded (see Teaford,
1988; King et al., 1999). Antemortem microwear was
identified on M3 grinding facets from H1, and M3 grind-
ing facets from H2.
The comparative sample
Four pre-historic human groups from successive
archaeological periods in the southern Levant were
selected: Natufian, pre-pottery Neolithic A (PPNA), pre-
pottery Neolithic B (PPNB), Chalcolithic (Table 1; Fig. 1;
see Appendix for a list of all specimens). Data for PPNA
and Chalcolithic specimens were produced for this study.
Data for Natufian and PPNB specimens were taken from
Mahoney (2006a). All of the archaeological sites in the
comparative sample are well-documented in the litera-
ture (Noy and Higgs, 1971; Lechevallier and Ronen,
1985; Hershkovitz et al., 1986; Hershkovitz and Gopher,
1988; Noy, 1989; Bar Yosef, 1991; Garfinkel, 1993; Per-
rot, 1993; Ronen and Lechevallier, 1993; Gal et al., 1997;
Gopher, 1997; Valla et al., 1998; Gal et al., 1999; Goring-
Morris, 2000; Lev Tov et al., 2003).
Natufian hunter-gatherers exploited a diverse range of
animal and plant foods from both sedentary and mobile
settlements (Bar Yosef, 1998). Animal foods included
mainly gazelle, and fish at sites bordering permanent
lakes (Bar Yosef, 1993; Noy, 1993; Perrot, 1993; Martin,
1994). Plant foods included mainly wild cereals, some of
which might have been ground with stone tools before
consumption (Perrot, 1960, 1993; Stekelis and Yizraely,
1963; Noy et al., 1973; Hillman, 1984, 1985; Hopf and
Bar Yosef, 1987; Henry, 1989; Bar Yosef, 1991, 1993;
Noy, 1993; Willcox, 1999).
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Material remains from PPNA Sultanian sites, one of
three PPNA archaeological cultures distributed through-
out the Levant, (the others being Khiamian and Hari-
fian), suggest an increasingly sedentary lifestyle with a
broad spectrum economy (Martin, 1994; Bar Yosef, 1998;
Willcox, 1999). At the PPNA sites in this study, abundant
remains of fish, molluscs, crab, water mole, and avifauna,
indicate aquatic foods were an important dietary compo-
nent (Bar Yosef et al., 1991; Ronen and Lechevallier,
1993). At other Sultanian sites, barley, wheat, and rye
may have been cultivated, though this is not accepted
unequivocally (Hopf, 1983; Van Zeist and Bakker-Heeres,
1984; Kislev et al., 1986; Willcox, 1998, 1999).
The PPNB economy was based on hunting and farm-
ing (e.g., Garfinkel, 1987). Animal foods in the study
area included mainly gazelle, while the plant foods
included pulses and cereals, some of which may have
been cultivated and prepared for consumption using the
large plant grinding tools that are a characteristic of the
early Neolithic people (e.g., Wright, 1993; Gopher, 1997).
Settlements in the Chalcolithic period included per-
manent villages practicing a mixed farming economy
(Gonen, 1992). Caves such as Peqiin were used as local or
regional burial grounds (Goldberg and Rosen, 1987; Gal et
al., 1997, 1999; Frankel et al., 2001; Nadar and Eshed,
2001). Domesticated produce included cereals, sheep, goat,
pig, and fruit trees (Zohary and Spiegel-Roy, 1975; Horwitz
and Tchernov, 1989; Zohary and Hopf, 1993; Grigson, 1995;
Smith and Sabari, 1995; Agelarakis et al., 1998; Kahila and
Smith, 2001; Zagerson and Smith, 2002; Lev-Tov et al.,
2003). Technological differences with the preceding early
Neolithic periods included the use of ceramic cooking uten-
sils (Shalev, 1994; Levy, 1995; Golden et al., 2001).
Casting and imaging procedure
Standard procedures were followed (e.g., Nystrom et al.,
2004; Ungar et al., 2006). Contaminants were removed
from the occlusal surface of each molar using ethanol and
cotton wool. An impression of the occlusal surface was
taken using a rubber-based, addition-curing silicone (Col-
te`ne; President Jet, lightbody). Grinding facets (Maier and
Schneck, 1982) were excised from each impression using a
scalpel, and surrounded with Colte`ne President Putty to
create a depression. A cast of the facet was produced using
an epoxy resin (Araldite MY 753, hardener HY 956, Ciba-
Geigy). Each cast was mounted on an aluminium stub af-
ter its base had been coated with an electrode paint (Elec-
trodag 1415 M). The stub was placed into a sputter coat-
ing unit (EMSCOPE; SC500) for 3 min, and coated with
20 nm of gold-paladium. Digitized micrographs were taken
at a magnification of 5003, using a SEM (CAMSCAN) at
the Sorby Centre for Electron Microscopy and Microanaly-
sis, University of Sheffield. The CAMSCAN was operated
in the secondary electron emission mode, with a spot size
(resolution) of 3.0 and an accelerating voltage of 15 kV.
Dental casts were oriented perpendicularly to the primary
beam (tilt angle 08). Each digitized micrograph (1004 3
744 pixels) represented *0.04 mm2 of the tooth surface.
Microwear can vary between the bottom (i.e. towards
the central fossa) and top of facet 9, and this can influ-
ence comparisons between samples (Mahoney, 2006a,c).
Therefore, a single digitized micrograph was taken from
the bottom of facet 9 from the M2 of each specimen in
the comparative sample to try and reduce microwear
variation due to facet location.
For the Ohalo sample, four adjacent micrographs were
taken from the H1 M3, and the H2 M3. Microwear pat-
terns do not vary between grinding facets on human sec-
ond and third molars, so comparing the data for third
molars from Ohalo with second molars from the compar-
ative sample should not be problematic (Mahoney, 2003,
2006b,c). However, including teeth from both the mandi-
ble and maxilla might affect the averaged dental micro-
wear parameters for the Ohalo individuals.
Data collection
Pits and scratches were measured and counted using a
semi-automated image analysis computer program
TABLE 1. The comparative sample
Period Date (bp) Site n ¼ 91




PPNA2 10,300–9,300 Hatoula 9
Netiv Hagdud 3
PPNB1 9,400–8,100 Kfar Hahoresh 21
Yiftahel 3
Horvat Galil 2
Chalcolithic2 6,300–5,300 Peqi’in 24
1 Mahoney (2006a).
2 This study.
Fig. 1. Map of Natufian, PPNA, PPNB, and Chalcolithic
sites in the southern Levant.
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(Microware version 3; Ungar, 1997). A resolution of
0.254 microns per pixel (DPI 200) was selected. Five var-
iables representing the size and frequency of microwear
were created from each micrograph: percent pits, mean
length and width of pits, and mean length and breadth
of scratches. A 4:1 length-to-width ratio was used to dis-
tinguish between pits and scratches. All micrographs
were recorded and a mean value produced for each indi-
vidual.
All of the data included in this study was produced
and recorded by a single observer (the author) using the
same SEM, that was set to the same KV, resolution, tilt
angle, and distance from the SEM primary beam, thus
eliminating inter-observer error and variation due to dif-
ferent quantification protocols (e.g., Grine et al., 2002).
Microware version 3 (Ungar, 1997) was used throughout.
Following Ungar et al. (2006) and Organ et al. (2005),
the microwear measurements for each individual in the
comparative sample are included in Appendix, so that
this study can contribute to the growing body of micro-
wear data that is available for others to analyse. Micro-
wear measurements for the Ohalo specimens are pre-
sented in the tables.
Analyses
The analyses involved two stages. The aim in the first
stage was to identify microwear variation within the
comparative sample, when grouped by archaeological pe-
riod. Significant differences were sought between the
groups using a one-factor between-subjects analysis of
variance (ANOVA). The data failed one test assumption
(that the groups come from populations with equal var-
iances). The data were either log- or square root-trans-
formed (percent pits arcsine-transformed (Zar, 1999;
Tabachnick and Fidell, 2001) and the test assumption
was satisfied. Multiple comparisons were conducted to
identify homgenous subsets using Tukey’s post hoc test.1
Following this, a discriminant function analysis (DFA)
was conducted using the (significant) microwear varia-
bles (for a DFA methodology see Mahoney, 2006a). A
DFA was chosen to evaluate how well the significant
microwear patterns characterized the comparative sam-
ple, and to assess how each contributed to the variation
between the archaeological periods. All statistical tests
were conducted using SPSS (version 12.0.1).
The aim in the second stage was to identify microwear
similarities between the Ohalo specimens and 1) the
comparative sample when grouped by archaeological
period, and 2) the comparative sample subdivided by
archaeological site. The Ohalo specimens were entered
into the DFA, (constructed previously on the comparative
sample), as ungrouped variables. The aim of the DFA
was to characterize the microwear from the Ohalo speci-
mens by placing them into one of the archaeological peri-
ods (i.e. Natufian, PPNA, PPNB, Chalcolithic). Following
this, a Hierarchical Cluster Analyses (HCA) was con-
ducted to identify microwear similarities between Ohalo
TABLE 2. Microwear measurements in lm for the comparative sample grouped by period
Period
% Pits Pit length Pit width Scratch length
Scratch
breadth
X s.d. X s.d. X s.d. X s.d. X s.d.
Natufian1 (n ¼ 29) 50.10 9.84 4.61 1.13 2.30 0.66 23.80 8.56 1.41 0.27
PPNA2 (n ¼ 12) 36.52 13.86 2.36 0.40 1.42 0.21 41.89 16.26 0.87 0.19
PPNB1 (n ¼ 26) 47.17 15.20 5.27 0.88 2.62 0.61 26.69 8.87 1.60 0.23
Chalcolithic2 (n ¼ 24) 35.30 11.44 2.72 0.51 1.51 0.28 44.51 12.91 0.86 0.16
1 Mahoney (2006a).
2 This study.
X, mean; s.d., standard deviation.
TABLE 3. Microwear measurements in lm for the comparative sample subdivided by site
Site
% Pits Pit length Pit width Scratch length
Scratch
breadth
X s.d. X s.d. X s.d. X s.d. X s.d.
Hayonim 47.16 8.53 5.20 1.18 2.65 0.70 27.88 9.12 1.48 0.31
Ein Mallaha 52.55 12.68 3.92 0.21 1.83 0.14 17.42 3.69 1.28 0.11
Nahal Oren 56.34 6.99 3.71 0.68 1.87 0.27 20.51 4.92 1.37 0.28
Rakefet 52.63 – 4.18 – 2.23 – 22.78 – 1.43 –
Hatoula 41.49 10.06 2.38 0.45 1.43 0.20 41.11 16.34 0.89 0.21
Netiv Hagdud 21.60 14.37 2.30 0.28 1.40 0.29 44.21 19.41 0.79 0.13
Kfar Hahoresh 44.50 14.81 5.19 0.94 2.64 0.62 27.95 9.26 1.59 0.23
Yiftahel 65.46 2.02 5.97 0.02 2.26 0.35 20.54 4.63 1.50 0.15
Horvat Galil 47.76 15.20 5.09 0.18 2.99 0.75 22.69 5.51 1.87 0.19
Peqiin 35.30 11.44 2.72 0.51 1.51 0.28 44.51 12.91 0.86 0.16
TABLE 4. Comparisons between the comparative sample
grouped by period: individual ANOVAs
Variable df F P
%Pits 3 8.046 0.000
Pit length 3 81.776 0.000
Pit width 3 36.201 0.000
Scratch length 3 20.827 0.000
Scratch breadth 3 71.584 0.000
1Significant microwear differences between the archaeological
sites were not sought because five of the sites in the comparative
sample contained very small sample sizes, which can be seen in Ta-
ble 1. Instead, a HCA was used in the next stage of the analyses.
492 P. MAHONEY
American Journal of Physical Anthropology—DOI 10.1002/ajpa
II and the comparative sample when subdivided by
archaeological site. A HCA is an objective methodology
for quantifying and comparing a data set, but it is not
an inferential statistical procedure.
RESULTS
The comparative sample
Descriptive statistics for the comparative sample are
shown in Table 2 (grouped by archaeological period) and
Table 3 (subdivided by archaeological site). Inferential
statistics are given in Table 4 (individual ANOVAs) and
Table 5 (homogenous subsets). A plot of the DFA is illus-
trated by Figure 2.
Individual ANOVAs show that pit and scratch size var-
ied between the groups. The larger pits and scratches of
the Natufians and PPNB farmers formed homgenous sub-
sets, which differed from the smaller pits and scratches of
the Chalcoltihic and PPNA people, who also formed ho-
mogenous subsets. The F value indicates that pit fre-
quency was less able to distinguish between the groups.
Two discriminant functions were calculated with an X2
(15) of 168.112, P ¼ 0.000 (first function), and X2 (8) of
12.215, P ¼ 0.142 (second function), which indicated that
the mean of the first function only was not equal across
groups. The structure matrix showed that the first func-
tion was created from pit length, scratch width, and pit
width (0.733, 0.687, 0.487, respectively) and accounted
for 97.2% of the total variance. The second function was
created from scratch length and % pits (0.808, 0.416,
respectively), and accounted for 2.8% of the variance.
The high proportion of individuals correctly classified
(Natufian ¼ 69.0%; PPNA ¼ 75.0%; PPNB ¼ 84.6%;
Chalcolithic 79.2%; Overall ¼ 76.9%) indicated that the
larger pits and wider scratches during the Natufian and
PPNB period was a good combination of variables for
emphasizing differences with the smaller pits and nar-
rower scratches of the Chalcolithic and PPNA periods.
This interpretation was supported by the high measures
of variance for the first function (eigenvalue ¼ 5.193; ca-
nonical correlation ¼ 0.916), and the plot of the discrimi-
nant scores taken from each individual, which illus-
trated the good visual separation between the Natufian
and PPNB period, when compared with the PPNA and
Chalcolithic period.
The Ohalo II sample
Descriptive statistics for the Ohalo II sample are
shown in Table 6. The position of the Ohalo specimens
in the plot of the DFA is illustrated by Figure 2. The
results of the HCA are shown in Figure 3A (% pits), Fig-
ure 3B (pit size), and Figure 3C (scratch size). Represen-
tative micrographs are shown in Figure 4.
When OH1 and OH2 were entered into the DFA as
ungrouped variables, they received discriminant scores
of 4.407 and 3.581 (respectively for the first function)
and 0.139 and 0.190 (respectively for the second func-
tion; see Fig. 2). These scores categorized both specimens
as PPNA.
There are three distinct clusters for the percentage of
pits. Ohalo II and Netiv Hagdud, the sites with the low-
est percentage of dental pits, and therefore the highest
percentage of scratches, separate from all other archaeo-
logical sites. Two other clusters separate sites with fre-
quent dental pits (Ein Mallaha, Rakefet, Nahal Oren,
and Yiftahel), from sites with comparatively fewer pits
(Kfar Hahoresh, Horvat Galil, Hayonim, Hatoula, and
Peqiin). These results show why the percentage of pits
was a comparatively weak variable for separating the
archaeological periods, both in the subsets formed in the
ANOVAs (Table 5) and the DFA (see Fig. 2). For
instance, the PPNA site Hatoula is clustered with Natu-
fian, PPNB and Chalcolithic sites, while the other PPNA
site clusters with Ohalo II.
TABLE 5. Comparisons between the comparative sample grouped by period: homogenous subsets1
Subsets
Pit Scratch
% Length Width Length Breadth
1 2 1 2 1 2 1 2 1 2
Natufian 0.786 0.652 0.346 1.350 0.142
PPNB 0.7552 0.716 0.408 1.406 0.201
PPNA 0.638 0.366 0.150 1.587 0.068
Chalcolithic 0.632 0.429 0.171 1.631 0.068
1 Results of the Tukey HSD tests, which show homogenous subsets within the groups.
2 In this subset the PPNB is not significantly different from the PPNA.
Fig. 2. Plot of the Discriminant Function Analysis.  ¼
Natufian; ^ ¼ PPNA, ~ ¼ PPNB, * ¼ Chalcolithic, 3 ¼ OhaloII.
E ¼ Eigenvalue, U ¼ canonical correlation. The large circles repre-
sent the discriminant scores for the group means (first function:
Natufian ¼ 1.459, PPNA ¼ 2.963, PPNB ¼ 2.154, Chalcolithic ¼
2.615; second fucntion: Natufian ¼ 0.323, PPNA ¼ 0.454,
PPNB ¼ 0.293, Chalcolithic ¼ 0.299).
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There are three clusters for pit size. The sites with the
smallest dental pits, Ohalo II, the two PPNA sites Netiv
Hagdud and Hatoula, and the Chalcolithic site Peqiin,
separate from all other sites. This clustering is sup-
ported by the results of the homogenous subsets formed
in the ANOVAs (Table 5), which separated the smaller
dental pits of the PPNA and Chalcolithic sites, from the
larger dental pits of the Natufian and PPNB sites. This
clustering is also supported by the results of the DFA (see
Fig. 2), which separated these sites, as well as placing
Ohalo II with the PPNA sites. Another cluster (Ein Mal-
laha, Nahal Oren and Rakefet) merges with the remain-
ing cluster (Hayonim, Kefar Hahoresh, Horvat Galil and
Yiftahel) at a lower level of similarity.
There are two distinct clusters for scratch size. Sites with
long narrow scratches (Ohalo II, Netiv Hagdud, Hatoula,
and Peqiin), separate from all of the remaining sites.
DISCUSSION
The comparative sample
The large pits and wide scratches on the molars from
the Natufian hunter-gatherers and PPNB farmers sug-
gest a comparatively hard diet that emphasized compres-
sive forces (Tables 2 and 5). Plant foods prepared for con-
sumption using grinding stones may have contributed to
the harder diet by contaminating food with quartz par-
ticles (Mahoney, 2006a). In contrast, the small pits and
narrow scratches of the PPNA and Chalcolithic people
suggest a softer diet, which is likely due to different fac-
tors in each period (Tables 2 and 5). Towards the end of
the Natufian period and early PPNA a climatic change
led to a cold-dry period, which may have limited some
food sources (Baruch and Bottema, 1991; Hillman, 1996;
Bar Yosef, 1998). For instance, while plant foods are
present at PPNA sites, they are more frequent at some
of the PPNB sites (Kislev, 1985; Garfinkel, 1987), imply-
ing that the PPNA diet might have been less contami-
nated by hard stone dust from plant grinding tools.
Different sized contaminants may have contributed to
the different microwear signatures (e.g., Ungar, 1992,
1994; Pastor, 1993; Lalueza et al., 1996; Daegling and
Grine, 1999). Remains of fish, molluscs, crab, water
mole, and avifauna were present at the PPNA sites,
implying that aquatic foods were an important dietary
component (Bar Yosef et al., 1991; Ronen and Lecheval-
lier, 1993). The diet of the Natufians and PPNB farmers
was also rich in meat from land animals (i.e. gazelle). If
TABLE 6. Microwear measurements in lm for Ohalo II
Ohalo II
% Pits Pit length Pit width Scratch length Scratch breadth
X s.d. X s.d. X s.d. X s.d. X s.d.
H11 22.69 – 1.78 0.98 0.88 0.33 40.25 21.66 0.73 0.24
H11 17.95 – 2.03 1.05 1.17 0.27 51.61 13.24 0.68 0.19
H11 10.32 – 2.16 1.18 1.04 0.24 47.99 17.11 0.69 0.21
H11 26.67 – 2.23 0.61 1.36 0.28 58.31 18.43 0.80 0.23
Mean2 19.40 7.02 2.05 0.95 1.11 0.28 49.54 17.61 0.72 0.21
H23 20.90 – 2.25 0.56 1.50 0.34 34.15 25.61 1.07 0.45
H23 13.97 – 2.31 0.94 1.23 0.42 41.27 19.33 0.77 0.31
H23 18.13 – 2.18 0.64 1.44 0.55 48.71 21.01 0.68 0.34
H23 21.30 – 2.59 0.42 1.52 0.43 45.08 15.66 0.69 0.21
Mean2 18.57 3.37 2.33 0.64 1.42 0.43 42.30 20.40 0.80 0.32
Overall4 18.99 5.12 2.19 0.79 1.26 0.35 45.92 19.00 0.76 0.27
1 Measurements from four micrographs and a mean value are given for grinding facets on M3.
2 There is some variation between the four micrographs from each Ohalo specimen compared with the mean microwear measure-
ments. Based on the sample sizes, it is not possible to say weather the microwear patterns differ significantly between the
micrographs.
3 Measurements from four micrographs and a mean value are given for grinding facets on M3.
4 A mean of the two means.
Fig. 3. Hierarchial cluster analysis for all sites. Each circle inden-
tifies a cluster. Deciding where to cut the dendogram is subjective.
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fine particles such as clay grains from inland water
sources adhered to the aquatic foods and large grained
particles from the quartz-rich terra rossa and rendzina
soils (Karmon, 1971; Goldberg, 1979; Dewdney, 1987)
contaminated meat from land sources, then differences
in pit and scratch size might be expected, similar to the
situation proposed for north American hunter-gatherers
(e.g., Teaford et al., 2001).
Some support for this idea is provided by the Natufian
site with the narrowest pits and scratches, Ein Mallaha,
where, just like the PPNA sites, the faunal remains
included fish (Perrot, 1993; see also Table 3). Neither is
it likely, in this case, that the scratches and pits should
be attributed to different underlying causes (e.g., Tea-
ford, 1993). Across the entire sample as a whole the
strong positive correlation between scratch and pit width
(Pearson’s R ¼ 0.818, P ¼ 0.000) suggests that both
microwear features reflect similar rather than different
causal agents.
Food preparation technology is a likely contributing fac-
tor to the small pits of the Chalcolithic people. Increased
use of ceramic cooking utensils is thought to influence the
physical composition of food, producing a softer diet,
which requires a reduction in bite force and consequent
change in microwear (e.g. Molleson et al., 1993).
Similarities between Ohalo II
and the comparative sample
The Ohalo molars had frequent long narrow scratches,
and a few small pits. Overall, this microwear pattern
was most similar to the PPNA people, though it also
compared well to the Chalcolithic people (see Fig. 2).
These results suggest similarities in dietary hardness
and abrasiveness between the late Upper Palaeolithic
hunter-gatherers, the PPNA, and Chalcolithic people,
which contrasts with the microwear signature from the
Natufian hunter-gatherers and PPNB farmers. This sug-
gests that there may be no simple increase or decrease
in dietary hardness and abrasiveness across the late
Upper Palaeolithic to Chalcolithic development in the
Southern Levant.
The frequent long scratches on the Ohalo molars sug-
gests a tough abrasive diet that emphasized shearing
Fig. 4. Microwear on an M3 grinding facet
from H1. Micrographs illustrating the frequent
narrow dental scratches on the OhaloII molars.
Arrows indicate scratches.
495DENTAL MICROWEAR FROM OHALO II
American Journal of Physical Anthropology—DOI 10.1002/ajpa
forces, rather than a hard brittle diet that required
high compressive forces. This idea compares well to the
material remains from the site, which included plant
foods, a grinding stone, and remains of aquatic foods
(Zohar, 2002; Piperno et al., 2004; Weiss et al., 2004). A
diet rich in plant foods can generate long microwear
features (e.g., Teaford and Walker, 1984; Lalueza et al.,
1996; Ungar et al., 2006), while an increased ingestion
of hard dust from grinding stones can produce more
microwear (e.g., Teaford and Lytle, 1996). At Ohalo, it
seems likely that stone ground plants formed a compo-
nent of the diet (Piperno et al., 2004). Therefore, hard
stone dust could have acted as a microwear causal
agent, similar to the situation proposed for the Natu-
fians and PPNB farmers. However, unlike the Natu-
fians or PPNB farmers, the few small pits on the Ohalo
molars suggest a diet that did not require great com-
pressive forces, and this is also suggested by the narrow
scratches. Instead, perhaps the abundance of aquatic
foods in the faunal remains at the site (Zohar, 2002)
also contributed to the microwear. Assuming that the
previous hypothesized relationship between microwear
causal agents and meat is correct, the comparatively
smaller clay particles from the Sea of Galilee (Tsatskin
and Nadel, 2003) could have contaminated the aquatic
foods at Ohalo with fine abrasives, thus contributing
towards a fine microwear signature (i.e. a high propor-
tion of narrow scratches). This is also suggested by the
similarity in the microwear patterns from the late
Upper Palaeolithic hunter-gatherers and the PPNA
sites, particularly Netiv Hagdud (see Fig. 3), where
both aquatic foods, and ground plants, seem to have
been dietary components.
CONCLUSIONS
The Ohalo molars had a high frequency of long narrow
scratches and a few small pits. It was inferred from the
microwear that the late Upper Palaeolithic hunter-gath-
erers consumed a tough abrasive diet that emphasized
shearing rather than compressive forces while chewing.
Grit from stone ground plant foods and contaminants
adhering to aquatic foods seemed likely microwear
causal agents.
It was expected that dietary similarities between the
late Upper Palaeolithic hunter-gatherers and the Natu-
fian hunter-gatherers from the same region would pro-
duce similar microwear signatures. It was found that the
size of the pits and scratches on the Ohalo molars com-
pared well to microwear from the PPNA and Chalcolithic
people, rather than the Natufians, or the PPNB farmers.
This implies that there is no simple increase or decrease
in dietary hardness and abrasiveness across the late
Upper Palaeolithic to Chalcolithic development in the
Southern Levant.
APPENDIX. Phase II facet microwear descriptive statistics
Period Site1
Pit Scratch
% Length Width Length Breadth
Natufian Hayonim 45.87 5.39 2.98 34.97 1.66
Natufian Hayonim 46.00 5.83 3.29 16.87 1.45
Natufian Hayonim 32.72 6.55 3.48 37.82 1.40
Natufian Hayonim 50.00 4.42 3.49 27.44 1.89
Natufian Hayonim 39.06 5.61 2.72 36.68 1.60
Natufian Hayonim 41.71 5.15 2.21 42.22 1.09
Natufian Hayonim 54.48 4.74 1.98 26.82 0.96
Natufian Hayonim 56.18 3.93 2.93 12.63 1.46
Natufian Hayonim 43.55 4.28 2.23 23.54 1.30
Natufian Hayonim 63.48 4.37 1.72 17.67 1.21
Natufian Hayonim 50.58 3.64 1.91 21.41 1.23
Natufian Hayonim 48.61 3.46 1.28 29.04 1.21
Natufian Hayonim 56.30 6.53 2.91 21.39 1.75
Natufian Hayonim 50.44 7.53 2.77 28.57 1.97
Natufian Hayonim 31.48 6.67 3.73 25.58 2.01
Natufian Hayonim 44.15 5.21 2.83 43.58 1.56
Natufian Ein Mallaha 51.77 3.91 2.03 18.23 1.18
Natufian Ein Mallaha 44.29 4.24 1.80 18.26 1.34
Natufian Ein Mallaha 66.00 3.66 1.68 12.78 1.25
Natufian Ein Mallaha 47.41 4.24 1.95 19.35 1.40
Natufian Ein Mallaha 32.38 3.78 1.67 20.12 1.12
Natufian Ein Mallaha 56.95 3.82 1.87 20.91 1.48
Natufian Ein Mallaha 48.79 3.98 1.71 19.14 1.24
Natufian Ein Mallaha 72.81 3.76 1.97 10.60 1.26
Natufian Nahal Oren 63.33 4.65 2.21 18.02 1.31
Natufian Nahal Oren 47.77 3.51 1.65 16.20 1.07
Natufian Nahal Oren 53.75 3.00 1.66 20.41 1.36
Natufian Nahal Oren 60.54 3.70 1.98 27.44 1.76
Natufian Rakefet 52.63 4.18 2.23 22.78 1.43
PPNA Hatula 54.48 2.51 1.52 18.44 0.98
PPNA Hatula 47.80 2.77 1.74 20.91 0.78
PPNA Hatula 46.90 2.69 1.49 39.06 0.76
PPNA Hatula 25.80 1.72 1.20 59.13 0.75
PPNA Hatula 51.40 1.88 1.26 51.25 0.86
PPNA Hatula 39.40 1.88 1.32 47.00 0.87
(continued)
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